Using the daily records derived from the synoptic weather stations and the 13 NCEP/NCAR and ERA-Interim reanalysis data, the variability of the winter hazy 14 pollutions (indicated by the mean visibility and number of hazy days) in Beijing-15 Tianjin-Hebei (BTH) region during the period 1981 to 2015 and its relationship to the 16 atmospheric circulations in middle-high latitude were analyzed in this study. The winter 17 hazy pollution in BTH had distinct inter-annual and inter-decadal variabilities without 18 a significant long-term trend. According to the spatial distribution of correlation 19 coefficients, six atmospheric circulation indices (I1 to I6) were defined from the key 20 areas in sea level pressure (SLP), zonal and meridional winds at 850 hPa (U850, V850), 21 geopotential height field at 500 hPa (H500), zonal wind at 200 hPa (U200), and air 22 temperature at 200 hPa (T200), respectively. All of the six indices have significant and 23 stable correlations with the winter visibility and number of hazy days in BTH. In the 24 raw (unfiltered) correlations, the correlation coefficients between the six indices and 25 the winter visibility (number of hazy days) varied from 0.57 (0.47) to 0.76 (0.6) with 26 an average of 0.65 (0.54); in the high-frequency (<10 yr) correlations, the coefficients 27 varied from 0.62 (0.58) to 0.8 (0.69) with an average of 0.69 (0.64). The six circulation 28 indices together can explain 77.7% (78.7%) and 61.7% (69.1%) variances of the winter 29 visibility and number of hazy days in the year-to-year (inter-annual) variability, 30 respectively. The increase of Ic (a comprehensive index derived from the six individual circulation indices) can cause a shallowing of the East Asian trough at the middle 32 troposphere and a weakening of the Siberian high pressure field at sea level, and then 33 accompanied by a reduction (increase) of horizontal advection and vertical convection 34 (relative humidity) in the lowest troposphere and a reduced boundary layer height in 35
1). The visibility by human observers is recorded by four times (02:00, 08:00, 14:00 114 and 20:00, Beijing local time) or three times (08:00, 14:00 and 20:00, Beijing local time) 115 per day. A good continuous monitoring operation was maintained throughout the entire 116 period, with the missing data rates for the 19 stations varying from a minimum of 1.7% 117 to a maximum of 2.1%, with a mean 1.9%. On the other hand, the distribution of the 118 stations is relatively uniform, indicating that the mean visibility or hazy days is a good 119 representative for the whole BTH region. 120 In the present study, the days with visibility ≤ 5 km and relative humidity < 90% 121 at 14:00PM (local time) were defined as hazy days, except the special weather where n is the number of stations (here n=19), N denotes the number of hazy days 127 in a station in each winter (December, January and February). The mean visibility (Vis ) 128 of each winter in the BTH region can be calculated by: where n is the number of stations (here n=19), m is the number of valid days in 160 The regional mean visibility and number of hazy days in winter in BTH were 161 presented in Figure 2 . As expected, the visibility was negatively correlated to the 162 number of hazy days with the raw and high-frequency (< 10yr) correlation coefficients 163 between them of -0.91 and -0.93, respectively. Both of them are significant at the 0.01 164 level (p < 0.01 for short). More hazy days generally denote lower mean visibility in 
Evolution of the winter visibility and hazy days in the BTH region
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And then, the visibility experienced an increasing trend in 1990s and a decreasing trend 172 since 2001, and the hazy days showed an anti-phase changes, but none of them are 173 statistically significant with exception of the number of hazy days trend in 1990s 174 (p<0.05). The mean visibility maximum in 1990s reached to 18.3 km (larger than the 175 mean values of 17.9 km over the entire period); and the minimum number of hazy days 176 in 1990s reached to 20.6 days (less than the mean values of 22.7 days over the entire 177 period). However, the long-term trends of them are not statistically significant, although 178 a weak reducing and increasing trends can be founded in the curves of winter visibility 179 and number of hazy days, respectively. 185 We first examined the correlation coefficients between the visibility and number of 186 hazy days and the most common atmospheric teleconnection or oscillation indices over 187 the mid-high latitude of Northern hemisphere (see Table 1 ), which could affect the shown in the previous correlation maps as listed in Table 2 . We computed the raw and between them, which will be discussed in the latter section.
Relationship between hazy pollution and atmospheric circulations
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The statistics for both the visibility and number of hazy days are generally stable 294 (no sharply increase or decrease) when N increased from 1 to 11 (more than 30% sample 295 removed in regression models), although the r 2 and RE (SE) slightly decreased 296 (increased) with the increasing of N. For the visibility, the r 2 varied from 52.5% to 62.7% 297 with an average of 57.6%, the SE varied from 0.74 to 0.84 with an average of 0.79, the 298 RE varied from 0.49 to 0.61 with an average of 0.55. For the number of hazy days, the 299 r 2 varied from 31.1% to 41.5% with an average of 35.2%, the SE varied from 3.37 to 300 3.66 with an average of 3.54, the RE varied from 0.23 to 0.38 with an average of 0.30.
301
The mildly changes of these statistics suggest that the statistic models between the given 302 atmospheric circulations and the hazy pollution indicators are stably even in the case of 303 parts of sample missed. On the other hand, we noted the statistics for the visibility 304 estimations are generally better than that for the number of hazy days estimations in all 305 tests. However, the minimum values of r 2 and RE for the number of hazy days 306 estimations are still lager than 30% and 0.2, respectively. Based on these statistics, it 307 can be concluded that the predictions for the winter visibility and number of hazy days 308 in the BTH region based on the circulation indices are overall reliable during the entire 309 period, especially for the mean visibility. That is to say, the winter hazy pollutions in 310 BTH can be evaluated or estimated well by the optimized atmospheric circulations.
311
The relatively larger errors for the estimated values referred to the observed 312 visibility and number of hazy days have been found since the winter in 2009 ( Figure 5) . 313 We re-computed all the statistics for the period 1981 to 2008, the results displayed that 314 all the values of r 2 and RE (SE) for visibility and number of hazy days predictions 315 increased (decreased) much more than the entire period (Table 4 ), suggesting that the 316 statistic estimation models are much more stable and reliable before 2009. Why did the 317 prediction efficiency of the statistic estimation models decrease in the last few years?
318
It can be distinguished that the estimations for the winter mean visibility are distinctly 319 lower (higher) than the observed in the winters of 2009 and 2010 (2014), and vice versa 320 for the number of hazy days. We speculated that these phenomena can be attributed to in the most areas of Siberia and increased in the northern China to western Pacific. 366 These patterns suggest that both the East Asian trough and Siberian high weaken with 367 increasing Ic, that further implies that the winter cold air activity will be weaken and 368 then lead to an anomalous steady atmospheric conditions in BTH and its adjacent areas 369 in winter. Namely, the less strong Siberian high and East Asian trough and associated 370 northerly winds in the low and middle troposphere will lead to a severe hazy pollution 371 (lower visibility and more hazy days) due to the favorable meteorological conditions 372 for the accumulation and chemical reaction of pollutants. Anyway, we wonder whether 373 it is true as we speculated. We further examined the links between the comprehensive It's easy to understand the anomalous stabilization will lead to much hazy pollutions.
419
Moreover, a similar result can be found in the planetary boundary layer height, which 420 was reduced significantly in the most of BTH and its adjacent areas in the positive Ic 421 winters ( Figure 10 ). The decreased boundary layer height will depress the air pollutants 422 into a narrower air column in a certain area and then lead to an increasing of the 423 pollutants concentration. Thus, a winter with the lower visibility and more hazy days in The results showed that the winter mean visibility has a significantly negative were re-examined. Results showed that the relations between the hazy pollutions in 461 BTH and the winter AO, NAO and PNA were very weak, but they correlated 462 significantly with EU, WP and SBH. Furthermore, the six new indices (I1 to I6) derived 463 from the key areas in the fields of SLP, U&V850, H500, U200 and T200 were closely 464 related to the winter hazy pollutions in BTH. We can estimate the visibility and number 465 of hazy days by using the six indices and the fitting and the leave-N-out cross-validation 466 methods, respectively. In general, the high level of the estimation statistics suggested 467 the winter hazy pollutions in BTH can be estimated or predicted in a reasonable degree 468 based on the optimized atmospheric circulation indices. However, we also noted that 469 the statistic estimation models for the visibility and number of hazy days may be 470 influenced by a prominent change of the pollutants emission artificially. Thus, it is 471 valuable and significant for government decision-making departments to take actions 472 in advance in dealing with the probably severe hazy pollutions in BTH indicated by the 473 circulation conditions, such as to control the pollutants discharge.
474
In order to investigate the link processes between the hazy pollutions and the given 
